Figure 1. Site-Specific LTP in Hippocampal Slices
(A) Two stimulating electrodes were positioned approximately 800 m apart in the middle of stratum radiatum of hippocampal area CA1 with a recording electrode positioned halfway between them. (B) Tetanic stimulation was delivered to one of the stimulating electrodes at time 0 to induce LTP (triangles), and the control stimulating electrode (circles) received low-frequency stimulation. Example waveforms (inset) are each an average of the last ten pretetanus and last ten posttetanus responses at the control (cont) and tetanized (LTP) sites (scale 1 mv, 5 ms). Responses from each slice were averaged over 5 min intervals and then the mean Ϯ SEM was graphed (n ϭ 3 animals). The responses were monitored for 2 hr posttetanus prior to fixation. (C) Diagrammatic view through the depth of a slice in the middle of stratum radiatum, from the air to the net surfaces, illustrating the falloff with distance in the density of synapses affected by each stimulating electrode. The slice was divided between the two stimulating electrodes (dotted line) so that the two regions could be separately sampled by serial electron microscopy (trapezoids). the dendrites in the stimulated region. If high-frequency tion of every polyribosome in reconstructed hippocampal CA1 dendrites and dendritic spines. We found fewer stimulation causes mRNA and newly synthesized proteins to accumulate at potentiated synapses, then we polyribosomes in dendritic shafts and more in dendritic spines after tetanic stimulation than after control stimureasoned that dendritic spines should contain more polyribosomes after tetanization. We chose to investilation. In addition, the spines containing polyribosomes after tetanic stimulation had larger synapses, which gate this hypothesis at 2 hr after tetanic stimulation induced LTP because it is long enough for newly synthemight serve to sustain the potentiated response. sized mRNA to be transported from the soma into the dendrites (Knowles et al., 1996) .
Results

We used serial electron microscopy to test whether induction of LTP by tetanic stimulation causes a change
Tetanic stimulation was compared to control low-frequency stimulation within hippocampal slices from three in protein synthesis at synapses by identifying the loca-15-day-old rats ( Figure 1A ). Electrophysiology demonapses could not be established. A total of 261 polyribosomes were included in the analyses below. strated that site-specific LTP was induced only at the stimulating electrode used to deliver the tetanic stimulaThe number of spines containing polyribosomes in any of the three locations increased from 0.15 Ϯ 0.05 tion ( Figure 1B , see Experimental Procedures). Two hours after tetanic stimulation, the slices were fixed and per m at the control sites to 0.41 Ϯ 0.05 per m at the tetanized sites (p Ͻ 0.0001). This represents an increase prepared for EM. Based on the electrophysiology, the highest density of synapses receiving either control or from 12% Ϯ 4% of spines containing polyribosomes under control conditions to 39% Ϯ 4% containing polyripotentiating stimulation should have been located near the control or tetanized sites, respectively. Serial thin bosomes at 2 hr after tetanic stimulation had induced LTP ( Figure 4A) . Next, the frequency of polyribosomes sections were therefore cut 50-100 microns beneath each stimulating electrode ( Figure 1C) . Reconstructions per unit length of dendrite was determined, and their relative positions in spine bases, necks, or heads were of dendritic segments were used to determine whether polyribosomes, synapse number, and/or synapse size calculated. Both spine bases and heads had more polyribosomes at the tetanized sites ( Figure 4B ). The trend were altered 2 hr after tetanic stimulation. toward more polyribosomes in the spine necks did not reach statistical significance.
Identification and Location of Polyribosomes
Dendrites and spines from the tetanized and control sites were examined through serial sections. Individual
Fewer Polyribosomes Occur in Dendritic Shafts after Tetanic Stimulation ribosomes were identified by size, opacity, and shape. The ribosomes had opaque centers that were about This increase in spines containing polyribosomes might have simply resulted from a global upregulation of pro-10-25 nm in diameter and were surrounded by lighter, irregular edges. Polyribosomes were identified when tein synthesis throughout the neurons at the tetanized sites, resulting in a uniform increase that also affected three or more ribosomes occurred together. Polyribosomal arrangements included clusters, spirals, and spines. To test this hypothesis, we determined whether the frequency of polyribosomes in the dendritic shafts staggered lines (Figure 2) . A large polyribosome could span multiple serial sections, but most of the polyriboalso increased. The combined frequency of polyribosomes in both the shafts and spines was measured per somes and individual ribosomes were contained in one section because section thickness averaged about 46 unit length of dendrite, and no change was detected between the control (1.0 Ϯ 0.2 polyribosomes per m) nm. The quantitative analyses were restricted to free polyribosomes because the presence or absence of riand tetanized sites (1.1 Ϯ 0.2 polyribosomes per m; p Ͼ 0.5). Instead, the increase in polyribosomes per bosomes on the dark-staining membranous organelles could not be determined with certainty in these preparamicron located in spines was accompanied by a commensurate loss from the dendritic shafts ( Figure 4C ). tions. All identifications, counts, and measurements were done blind to experimental condition.
Correlations were performed to test whether the elevation in spine polyribosomes was specifically associated Polyribosomes were quantified in the base, neck, and head of dendritic spines (Figure 2A) . The spine base with a local loss from their dendritic shafts. Dendritic segments were excluded if none of the spines on them location was defined as within 0.1 m of a spine origin ( Figures 2B and 2C ). The spine neck was the region contained polyribosomes. Fewer polyribosomes were in the shafts as more spines along them had polyriboof relatively uniform width between the origin and the enlarged head of a spine ( Figures 2D and 2E ). All other somes at the tetanized sites (r ϭ Ϫ0.62, p Ͻ 0.005; n ϭ 19), but not at the control sites (r ϭ 0.36, p ϭ 0.19; polyribosomes were located in the dendritic shaft (Figures 2F and 2G ). The number of ribosomes in a polyribon ϭ 15). These findings suggest that mRNAs might be selectively recruited into dendritic spines after tetanic some ranged from 3-28 with an average of 8, consistent with findings from earlier studies (Steward, 1983 tions they were hard to distinguish. We readily distinguished the aspiny interneuron dendrites from the spiny (27 control and 24 tetanized). These segments had 284 complete dendritic spines (146 control, 138 tetanized). In pyramidal cell dendrites through serial EM sections. Our analysis of asymmetric shaft synapses was restricted addition, there were 62 incomplete dendritic protrusions that were truncated at the end of the series; these were to the spiny pyramidal cell dendrites where they might be involved in the formation of new dendritic spines excluded because the absence of polyribosomes or syn- of dendritic protrusions without synapses was 0.12 Ϯ 0.04 after low-frequency stimulation and 0.28 Ϯ 0.04 per m after tetanic stimulation (p Ͻ 0.01; Figure 5C ). The percentage of nonsynaptic dendritic protrusions conwe counted the polyribosomes located within 3 m of a shaft synapse. This distance was chosen because taining polyribosomes did not differ between the control (12% Ϯ 9%) and tetanized sites (13% Ϯ 7%; p Ͼ 0.9). none of the spines were longer than 3 m. Of the 44 shaft synapses, 28 had polyribosomes within 3 m, and Thus, although dendritic protrusions without synapses were present after tetanic stimulation in these slices, the there was no difference in frequency between the conditions (p Ͼ 0.7). Thus, tetanic stimulation does not appear nonsynaptic protrusions did not preferentially acquire polyribosomes. It is unknown whether polyribosomes to cause a shift in the location of polyribosomes toward shaft synapses, but only toward synapses occurring on would appear in these protrusions later if synaptic connections were to form on them. dendritic spines.
high-frequency stimulation per se and is age-dependent or if it always occurs during LTP.
Importance of Three-Dimensional Reconstruction
The distribution and density of polyribosomes cannot be accurately mapped on single sections because spines occupy many sections, while polyribosomes typically occupy only one section. The profile of a spine or dendrite on a single section might not contain a polyribosome, while an adjacent section of the same structure does. Furthermore, if a spine enlarges and occupies more sections, the probability of detecting a polyribosome in a particular profile on one section decreases, was not possible in the previous study (Desmond and There was more than a 3-fold increase in the frequency Levy, 1990 ) to determine whether polyribosomes were of dendritic spines containing polyribosomes after tecommensurately increased in dendritic spines because tanic stimulation. Haer, Brunswick, ME) were placed in the middle of stratum radiatum treal, Canada). and located 300-400 m on either side of a single extracellular recording electrode (glass micropipette filled with 120 mM NaCl, Statistical Analyses Figure 1A) . Preliminary experiments demonstrated that LTP was site Statistical analyses were done in the STATISTICA software package specific as long as the two stimulating electrodes were separated (StatSoft, Tulsa, OK). All data are expressed as mean Ϯ standard by more than 400 m, so we doubled this distance. Signals were error of the mean. Synapse areas have a skewed distribution and, filtered at 5 kHz, digitized at 29 kHz, and analyzed with the Scope therefore, were normalized by the logarithm for statistical analysis, software (RC Electronics, Santa Barbara, California). The slope (mV but the actual measurements are plotted and described. Previous per ms) of the fEPSP was measured from the steepest segment of studies from the hippocampus of 21-day-old and adult rats suggest the negative field potential 400-600 s after the stimulus artifact for that more spines and synapses occur in slices than in vivo (Kirov the duration of the experiment. Test stimuli (0.1 ms) were given at et al., 1999). The density of synapses from these P15 rat slices was 1 per 30 s, and all stimuli were at a constant intensity that produced somewhat higher than previously reported in perfusion-fixed brain a response with a slope in the range of 1-1.3 mV per ms during the from the same age ( 
